The German-British interferometric gravitational wave detector GEO 600 is currently undergoing upgrades within the GEO-HF upgrade program. The goal of this program is to enhance the sensitivity of GEO 600, in particular at frequencies above 500 Hz. At these frequencies, the detector is limited by shot noise. An important element of the upgrade is the implementation of an output mode cleaner (OMC). This filtering cavity suppresses higher order spatial and temporal modes in the interferometer's output beam, thereby reducing the shot noise and enhancing sensitivity. Fully automated lock acquisition for the OMC was developed in order to ensure a high duty cycle of GEO 600. To maintain optimum sensitivity, the resonance condition of the OMC must be matched to the output beam from the interferometer. This requires continuous control of the resonance frequency of the OMC to the light, and alignment of the beam to the OMC. We describe the design and implementation of the OMC with special attention to the control techniques employed. We present results from the experience gained during the S6/VSR3 science run. Furthermore, we describe an upper limit measurement of the internal displacement noise of a piezoelectric actuator.
Introduction
The GEO-HF program, which is an upgrade to the GEO 600 gravitational wave detector, is currently underway. The main goal of this program is to enhance the sensitivity at frequencies where the detector is limited by shot noise, i.e. above 500 Hz. Some improvement at lower frequencies is to be expected.
The program, which was started in 2009, consists of a number of steps each of which is designed to enhance the shot noise limited sensitivity either by increasing the signal size at high frequency or by reducing the detection noise. In time order, these steps are: a change in the detection scheme from heterodyne readout to homodyne/dc readout [1] , the implementation of an output mode cleaner (OMC), the increase of the signal recycling bandwidth and the implementation of squeezing. The final step, planned to start later this year, is to increase the circulating light power by employing a more powerful laser and modifying the injection optics and other interferometer systems to handle increased power [2, 3] .
The implementation of an OMC improves the shot-noise-limited sensitivity by reducing the detection noise. In dc readout, the TEM 00 carrier light leaving the interferometer due to an intentional arm length difference (dark-fringe offset) needs to dominate the other components of the output beam, such as higher order optical modes and sideband fields, that do not contribute to the signal but increase the shot noise, to approach the optimum signal to noise ratio. Reduction of higher order modes and sideband fields allows for a smaller dark-fringe offset. This, in turn, reduces coupling coefficients for several noise sources, including laser amplitude noise, and also increases the interferometer's stability.
The challenge in implementing an OMC is ensuring that it provides continuous, nearoptimal transmission of the TEM 00 carrier light and the signal light, which shares the same mode. Static errors in this reduce the sensitivity via reduction of transmitted carrier light and also increase noise couplings. Dynamic errors constitute new noise sources [4] . To keep the optimum transmission, the resonance frequency of the OMC and the frequency of the interferometer output beam must be kept identical and the alignment of the output beam onto the OMC must be kept optimal.
In section 2, we detail the design of the OMC and its implementation into GEO 600. We also describe the control systems for the OMC frequency and beam alignment. In section 3, we discuss the robustness and performance of the OMC as experienced during the S6/VSR3 science run. In section 4, we establish upper limits for the internal displacement noise of a multi-stack piezoelectric actuator (PZT). In these measurements, the interferometer's output beam serves as an ultra-stable light source. We then summarize our findings and discuss the outlook of future work.
Implementation of the OMC

Optical specifications and design of the OMC
The OMC is an essential part of the GEO 600 interferometer, particularly now that it is operated in dc readout. Without the OMC, the full benefit of using the dc readout control technique could not be reached. The OMC is designed to filter the beam spatially, to remove higher order modes and, temporally, to remove unwanted frequency components, such as 15 MHz control sideband fields 5 . The specifications for the OMC were derived by setting an upper limit for the shot noise contribution from the sidebands and the higher order optical modes. At the beginning of GEO-HF, it was decided to use a small dark-fringe offset (around 20 pm) to increase the interferometer stability and allows the detection to be achieved with only one photodiode even after the future ten times increase in the circulating power. The dark-fringe offset of 20 pm results in 4 mW of optical power used as the local oscillator for the detection at the output of GEO. For the sidebands and the higher order modes to not increase the measured shot noise level by more than 1%, the combined power of these two fields must be less than 0.4 mW.
From preliminary experiments in preparation of the dc-readout configuration, it was shown that the optical power at the output could be considered as equally partitioned between sidebands and higher order modes and that the optical power at the output was around 40 mW. As such, the following two main specifications were derived.
(i) The 15 MHz sideband's power must be attenuated by at least a factor 100 in power in transmission of the OMC. This requirement produces a lower limit on the bandwidth of OMC optical cavity. (ii) The higher order optical mode's power must also be attenuated by at least a factor 100 in transmission. This requirement gives a lower limit on the cavity finesse and also restricts the choice of the possible g-factor for the OMC.
The above specifications were set mindful that GEO 600 will later use a 35 W input laser.
To ensure that the OMC meets these specifications, simulation tools were developed based mainly on analytical formulas and ABCD propagation laws. Then, the optimal parameters found were later checked with the Finesse software [5] .
During the simulations, it was decided that the OMC will consist of a four-mirror cavity in diamond shape as seen in the dashed box in figure 1. This particular configuration features several advantages. First, it can be made compact in the direction of the beam, which suited the conditions found at the GEO site. Second, the center of mass of the structure is along the optical axis defined by the input and output beams. The equal distribution of mass on either side of the optical axis simplifies the seismic isolation. Third, of the four mirrors of the cavity, two are used as input and output mirrors, one is mounted on a PZT for length control. Finally the remaining mirror can be partially transparent and be used as a pickup to monitor the beam circulating in the OMC. And last but not least, using an even number of mirrors kept the resonance degeneracy between the transverse electro-magnetic modes of orders m, n and n, m. So, when scanning through one free spectral range of the OMC the modes TEM 10 and TEM 01 appear combined in a single-transmission peak.
We decided on a finesse of 155, a g-factor of 0.73 and a round trip length of 66 cm according to the simulations. The size of the laser beam waist in the OMC is then 440 μm.
For thermal stability, the OMC is entirely made of fused silica glass with optics and mounts glued with UV-cured epoxy. A CAD view of the OMC can be found in figure 2. More details of the design and the construction of the OMC can be found in [6] .
Implementation in GEO
The original GEO 600 design called for heterodyne readout and a very small OMC. To be able to install this, much larger, OMC necessary for dc readout at the output of GEO 600, a new vacuum tank had to be incorporated in the existing GEO 600 infrastructure. This tank was not only necessary for the OMC, but could also house a large Faraday isolator, as well as the detection photodiode. This new tank has a dedicated vacuum pump, and a septum window separates it from the main vacuum system allowing rapid access to the OMC without having to vent the entire system. The new tank was installed in GEO during the summer 2009 and the OMC was placed in vacuum in December 2009.
The OMC is isolated from the motion of the vacuum tank. A 700 mm × 700 mm metal plate is isolated from the bottom of the tank by sitting it on five Viton O-rings. On this plate, there are 3 Minus K SM-30 isolators. These provide isolation from motion of 10 dB at 1 Hz and 45 dB above 10 Hz in the horizontal and vertical directions, respectively. They in turn support a 700 mm × 700 mm custom-made breadboard that is 8 mm thick. After initial tests Viton pads were placed between the OMC and the breadboard adding further isolation above 50 Hz in the horizontal and vertical directions reducing sideband structures around the OMC length dither at 6 kHz (see section 2.4).
The mode matching between the output beam of the interferometer and the OMC is made more complex than usual due to the limited amount of space available and the high higher order mode content of the GEO 600 output beam. To keep the same suspended mirrors (the mirrors called BDO1, 2, 3 in figure 1 ) used for beam directing and focusing, it was decided to add two lenses in front of the OMC. The lenses were mounted on the same breadboard as the OMC and the mode matching can be optimized by translating these lenses. The high content of higher order modes in the carrier light can disturb the assessment of the mode matching. We therefore used the spatially cleaner 15 MHz sidebands to assess the mode matching. We achieved a mode-matching efficacy of approximately 90% for these sidebands and assume the mode matching for the carrier light to be similar.
Control setup
We had to implement control systems for the OMC resonant frequency by adjusting its length, and for the beam alignment by feeding back to angles of the beam-director mirrors. We call the former the longitudinal control, and the latter the alignment control. We decided to use dither locking [7] to generate error signals for both controls, because this technique does not require additional new hardware beyond the control system itself. Earlier simulations [4] suggested that rather low bandwidth control systems could be employed for longitudinal and alignment control.
The OMC control is the first application of the fully digital control and data (CDS) [8] system in GEO 600. It is based on, and very similar to, the system planned for Advanced LIGO. Most pre-existing GEO control systems are analog electronics, supervised by National Instruments LabView (LV) 6.1. The OMC control systems needed to be interfaced with preexisting GEO 600 control systems. A LV 2009 PC interfaces the CDS with pre-existing LV 6.1. LV 2009 communicates with CDS via channel access protocol and with LV 6.1 via direct UDP link at 10 Hz. Furthermore, LV 2009 is used for some high-level OMC controls.
For GEO 600 to achieve a high duty cycle, it is necessary that all its subsystems are highly automated. This necessitates an automated lock acquisition for the OMC. During this, the differential arm length of the interferometer is controlled via an auxiliary photodiode in transmission of BDO1. The acquisition algorithm is implemented in C-code in CDS. Its required complexity depends on the mode content of the interferometer's output beam. We chose the dc readout configuration with tuned signal recycling, reduced control sideband intensity and intentional dark-fringe offset for lock acquisition. In this configuration, the TEM 00 carrier light is the strongest component of the output beam (see figure 3) . The algorithm scans across one free spectral range and records the maximum transmitted power. It then repeats the scan and stops at the previously marked position and activates the longitudinal control of the OMC. Control of the Michelson interferometer arm length difference is then transferred to the photodiode in transmission of the OMC. Use of this less noisy photodiode reduces the overall noise level in the control loop controlling the difference in the arm length. Only these lower noise levels allow us to activate the OMC alignment control.
Longitudinal control
A PZT (Physik Instrumente S-303) is used for controlling the length of the OMC. The PZT actuation range corresponds to approximately six free spectral ranges of the OMC. The PZT dithers the OMC length at 6 kHz with a peak-to-peak amplitude of about 1 pm. We decided on a unity gain frequency (UGF) for longitudinal control of 8 Hz and a dc gain of 92 dB. A higher UGF of 80 Hz showed no apparent benefits.
Alignment control
The BDO1 and BDO3 mirrors are used to control the alignment. They are dithered in rotation in the horizontal plane and the vertical plane (in tilt) at the frequencies shown in table 1. We chose frequencies at which the GEO 600 sensitivity was best, giving the optimum signal to noise ratio for the alignment control. We implemented a gain hierarchy (see table 1 ) with one mirror dominating in rotation and tilt, respectively. The highest UGFs were at 0.024 Hz in rotation and 0.040 Hz in tilt. This is well below the resonance frequencies of BDO1 and BDO3 at about 1 Hz. DC gains were 16 dB and 25 dB, respectively.
Long term operation of the OMC subsystem
We were able to collect extensive experience with the new GEO 600 configuration during the S6/VSR3 joint science run with the LIGO and VIRGO detectors from 11 August to 20 October 2010. GEO 600 achieved a science data duty factor of 88%. The longest lock exceeded 62 h. The OMC lock acquisition had a success rate well above 90%. The OMC subsystem ran autonomously for weeks at a time.
We quantified the noise contributions of frequency and alignment control systems via noise projections [10] . We projected their feedback signals to strain sensitivity (see figure 4) . The OMC control feedback noise is well below the overall GEO 600 sensitivity. These measurements were performed after the exchange of the 2% transmission Noise contributions from OMC control feedbacks. Note that the alignment noise curves are strictly upper limits. These measurements were performed after the exchange of the 2% transmission signal-recycling mirror for a 10% signal-recycling mirror. Details regarding thermorefractive noise can be found in [9] .
signal-recycling mirror for a 10% signal-recycling mirror [2] . This increased the higher order mode content in the GEO output beam, which should be negligible for these measurements.
Measurements of an upper limit of the internal displacement noise of a PZT
Looking at the interferometer's output beam as an ultra-stable light source gives us the opportunity to measure an upper limit of the internal displacement noise of the Physik Instrumente S-303 PZT OMC length actuator.
We locked the OMC to a transmitted power of 90% of the maximum achieved TEM 00 carrier light transmission. At this setting, off of peak transmission, fluctuations in the OMC length couple directly to fluctuations in transmitted power. This increased power noise in the transmitted beam (see figure 5) . We calculated the coupling coefficient from length fluctuations (m Hz −1/2 ) to fluctuations in light power (W Hz −1/2 ) for 6 mW transmitted power using Finesse simulations to 1.78 × 10 6 W m −1 . We arrive at an upper limit for OMC length fluctuations if we attribute all noise in the OMC transmitted power to OMC length fluctuations. As noise projections show some of this noise can be attributed to sources other than PZT internal displacement noise. Such noise sources are OMC length fluctuations due to electric noise of the PZT HV amplifier output, fluctuations of the laser amplitude, fluctuations of the interferometers output frequency due to length fluctuations of the power-recycling cavity [11] and shot noise. The peak at 6 kHz is due to the OMC length dither. It was beyond the scope of this paper to investigate the origin of the other remaining noise peaks. We achieve an upper limit of approximately 2 × 10 −14 m Hz −1/2 (see figure 6 ) for broadband PZT internal displacement noise after subtracting the incoherent sum of the known noise sources. Earlier measurements either reached worse sensitivities in the 1 × 10 −11 m Hz or were limited by their nature as in-loop measurements [14] . A similar sensitivity was reached in [15] .
Conclusion and outlook
The OMC has proven to be a reliable, well-performing subsystem. Due to its autonomous mode of operation, it adds minimal extra complexity to the day-to-day operation of GEO 600. We established an upper limit on the internal displacement noise of a wide range PZT utilizing the OMC.
